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Abstract 
An isothermal forming system for carbon fiber reinforced thermoplastic (CFRTP) has been developed to investigate CFRTP 
press forming behavior. The formability of CFRTP has been tested by Deep drawing with hemispherical punch, 10 mm/min. 
stroke rate. Twill weaved CF/PA66 fabric composite sheets were formed into the hemispherical shape with different 
blankholder pressures from 1.2 to 6.0 MPa at the testing temperature from 180 °C to 240 °C in the isothermal condition. The 
drawing depth strongly depends on the test temperature. If the test temperature decreased under 200 °C, the crack occurred at 
the crown. If it increased over 220 °C, crack occurred at the fringe of bending part. Shear deformation occurred in bias 
directions. This kind of behaviors was observed by micro structure inspection. The optimum blankholder pressure minimizes 
the occurrence of wrinkle at 220°C. 
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1. Introduction  
Structural materials such as carbon fiber reinforced thermoplastic (CFRTP) have good future prospects for 
substituting metallic materials in markets, where corrosion-resistant, lightweight, tough and impact tolerant 
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structures are desired. In comparison to traditional thermoset composites, carbon fiber thermoplastic composites 
provide several advantages including high strain to failure, increased fracture toughness, recyclability and 
reparability (Yoneyama et al., 2013).  
Current developments in processing techniques for advanced composites aim at applying these materials to 
complex-shaped parts for large production volumes. Market requirements are focused not only on mechanical 
performance but also on processability, near-net shaping and overall cost. Defects during forming such as wrinkles 
or local fiber failure are often observed, but the wider acceptance of thermoforming for continuous fiber reinforced 
composites depends on predicting and avoiding such defects (Rozant et al., 2000). The research work lies in 
developing the process to the extent that it approaches the performance and reliability of other thermoforming 
processes like matched metal die forming, rubber stamping, and diaphragm forming and so on (Hopmann et al., 
2013). A promising thermoplastic processing technique with high economic potential is supposed to be deep 
drawing (Nezami et al., 2013). 
In this paper, tensile tests in various directions on carbon fiber composite fu11y consolidated with PA66 sheet 
were performed to determine the maximum axial and biaxial elongation. The deep drawing tests were conducted in 
isothermal forming condition and provided a basic result of formed parts including the fiber deformation behavior 
and formability. 
2. Material and tensile test 
2.1 Material 
The carbon-fiber/PA66-resin system used in this study was TEPEX dynalite 201-C200(4) manufactured by 
Bond Laminate Co., Ltd. Thermoplastic composite, a 4-layer laminate with a stacking sequence of [0/90/0/90] 
were made using twill fiber/PA66 mats ("prepreg"). The sheets were rolled into the panel. Representative 
mechanical properties for the fiber, resin, and the composite are included in Table 1. 
 
Table 1. Physical properties and its characteristics. 
Name Type   Thickness(mm) Polymer Density(kg/dm3) Fiber content (vol. %) 
Tensile 
strength(MPa) 
Tensile 
modulus(GPa) 
TEPEX 
dynalite201 
Twill 
2/2 1.0  PA66 1.4 45 785 53 
2.2 Tensile test at warm temperature range 
The rectangular test specimens, 1 mm thick x 25 mm width x 120 mm length, were water jet cut out of 800×620 
wide panel. Tensile tests were conducted on CFRTP specimens at 0° and +45° with respect to the rolling direction 
using an Instron testing machine. Zero degree is thus the direction of warp of CFRTP. Two kinds of specimens 
were tested for each direction. To obtain the warm temperature strength, the center of test specimen is placed from 
sides with panel heater of 60 mm wide, 40 mm length, and 12 mm width. During the tests the temperatures of the 
specimens were controlled to within ± 5 °C at 150, 200 and 250 °C. The specimens were tensioned with constant 
crosshead velocities of 1.2 mm/s. The true stress, strain and strain rate were calculated by assuming the constant 
volume of gage length at every crosshead position. Test results were shown in Figs. 1 and 2, respectively. 
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Fig. 1. Stress-strain curve parallel to the warp.                                   Fig. 2. Stress-strain curve in the bias direction.  
3. Forming devices and deep drawing test 
3.1 Forming apparatus  
Since no standard test was available to study the drapability of thermoplastic composite, a forming simulation 
test was developed. As shown in Fig. 3, the hemispherical punch (2) and mould die (1) were mounted on the 
2000kN hydraulic press. The punch diameters 29 mm was used to study the effect of the curvature, formability and 
stretchability of CFRTP composite. The advantage of a hemispherical punch is that a uniform load is applied in all 
directions with in the sheet plane. The round shaped CFRTP sheets were prepared. The CFRTP sheet (6) is 
deformed by a hemispherical punch and mould die under specific boundary conditions, which are of primary 
importance for reproducing real forming conditions. In current forming processes for CFRTP, the edges of the 
sheet are clamped by blankholder (3). However, due to both matrix and interface friction, specific boundary 
conditions occur, depending on the interface temperature between mould and blankholder. The blankholder 
pressure was controlled by applying a load by servomotor. 
Fig. 4 shows the typical temperature transitions of punch, mould die and blankholder which were individually 
controlled by cartridge heaters (4) embedded in the tools. The temperature in the chamber (7) shows slightly lower 
than that of the sheet temperature. In isothermal temperature condition, the influence of temperature difference in 
the thickness should be avoided. The sheet was set in the N2 inert gas controlled atmospheric chamber and heated 
up to the test temperature by ceramic heater (5). 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
Fig. 3. Isothermal forming apparatus.                                       Fig. 4. Temperature -time relation on deep drawing process. 
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3.2 Isothermal forming test 
In this test, test temperature between tools and composite sheet is kept constant to avoid the effect of 
temperature drop on formability during forming. The CFRTP sheet was covered on both sides with 50ȝm kapton 
sheet to avoid oxidation and secure detachability from molds. The tools were coated with special coating lubricant. 
Fig. 5 shows the effect of forming temperature and blankholder pressure on the penetration depth of punch. When 
the blankholder pressure is under 1.5 MPa, drapability increased drastically with temperature. But wrinkles and 
holdings occurred in the flange area and around the dome near die shoulder. The limited penetration depth became 
smaller as the blankholder pressure increased. Fig. 6 shows the surface appearance of formed dome. The surface of 
domed shape is good. But on the flange, there are many wrinkles and its height on the flange depends on the 
blankholder pressure.  The height of wrinkle becomes smaller as the pressure decreases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Limit of punch penetration depth depending on test temperature and blankholder pressure. 
 
 
 
 
 
 
 
 
 
 
 
(a) Good surface quality.                                 (b)  Crack failure near radius of entry into die in weft direction.  
Fig.6. Deep drawn dome shape formed at 220°C from initial sheet size ĳ110. 
4. Discussion 
4.1 Locking angle in bias tension test  
From the result of tensile test in Figs. 1 and 2, elongation of test sheet in bias direction is 3 times or more higher 
than that in rolling direction. The change of shear angle between warp and weft by bias tensile test at 220 °C was 
measured and the results were shown in Fig. 7. Fig. 8 shows the relationship between shear angle and elongation 
by tensile test at 220 °C. The shear angle increased proportional to the elongation. The shear angle of deep drawn 
dome at 220 °C in bias direction near radius of entry into die is about 74 degree, which is equivalent to about 20% 
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elongation. The locking angle of tensile rupture test at 220 °C is round 57 degree, 37.8% elongation. 
In the rolling direction, large change of shear angle was not admitted. Instead, it appears that the forming occurs 
primarily because of ‘draw in’ of the material from the flange into the cavity in the rolling direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      (a) 25% elongation                                                                                          (b) 35% elongation 
Fig. 7. Occurrence of shearing in bias tension test at 220 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Change of shear angle by bias tension test at 220 °C. 
 
4.2 Deformation behavior of CFRTP 
In sheet metal forming, the maximum deformability is governed by the yield strength of the metal. However, 
the deformability of CFRTP is mainly limited by the drapability of the textile. Fig. 9 depicts clearly deformation 
behavior of a reduction in thickness of the individual sections when travelling into the bias direction of cavity. The 
character that shows the position is corresponding to that in Fig. 10. When the blankholder pressure during forming 
falls below the critical buckling stress, fiber wrinkling and distortion around the dome and in the flange area are 
observed, which is already proved in Fig.6. Clamping forces create a desirable frictional force that opposes the 
flow of the material and can introduce stretching and shearing forces. These effects increase the critical buckling 
stress of the laminate and therefore help to prevent fiber wrinkling during forming. Through the entry of die, the 
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sheet is stretched and the wrinkles will disappear on the surface. But the distorted fibers are observed in the cross 
section at the position C. 
 
Position Microstructure of cross section 
A 
 
 
 
B 
 
 
 
C 
 
 
 
D 
 
 
Fig. 9. Deformation behavior of flange and cavity formed at 220°C, 1.2MPa contact pressure. 
 
Fig. 10 shows the thickness distribution of dome from the flange to cavity. In the bias direction, material was 
elongated in the flange part. As a result, the thickness in the flange parts is relatively uniform. In parallel direction 
to warp and weft, it appears that the forming occurs primarily because of ‘draw in’ of the material from the flange 
into the cavity. The thickness of flange part becomes thick. At the crown of hemisphere, the shear angle is 90 
degree. Progressing down from the crown along the warp and weft fibers, the shear angle remains approximately 
90 degree, while along biaxial direction, the shear angle changes and the thickness becomes thinner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Thickness distribution of hemispherical dome shape from flange in the bias direction formed at 220 °C and 1.2 MPa. 
 
Fig. 11 shows the effect of bank holder pressure on height of wrinkles on the flange, measured by laser scanning 
along the scanning direction shown in Fig. 6(b). The height of wrinkles becomes shallower and the pitch of 
wrinkles becomes smaller depending on blankholder pressure increase. At the entry into the die, the sheet is bent 
and unbent. With develop in punch stroke, the sheet is stretched and the wrinkles will disappear depending on the 
height of wrinkles. The crack failure happens at the cross point of “draw in” and stretch of wrinkle shown in Fig. 
6(b). 
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Fig. 11.  Effect of blankholder pressure on height of wrinkles on flange at 220°C.   
5. Conclusion 
An isothermal forming system for carbon fiber reinforced thermoplastic (CFRTP) has been developed to 
investigate CFRTP press forming behavior in order to avoid the effect of temperature drop on formability during 
forming. The twill weaved CF/PA66 fabric composite sheets were tensile tested at various temperature and 
directions. Then composite sheets were deformed into the hemispherical shape with different blankholder pressures 
from 1.2 to 6.0 MPa at the testing temperature from 180 °C to 240 °C in the isothermal condition. The conclusions 
are summarized in the followings: 
From the tensile test at the warm temperature, elongation of test sheet in bias direction is 3 times or higher than 
that in rolling direction. The shear angle increased proportional to the elongation. The locking angle of tensile 
rupture test at 220 °C is round 57 degree, 37.8% elongation. 
The drawing depth strongly depends on the test temperature and holding pressure. If the test temperature 
decreased under 200° C, the crack failure occurred at the crown. If it increased over 220 °C, failure occurred at the 
fringe of bending part. In deep drawing process of composite sheet used in this test, optimum forming temperature 
and blank holding pressure to avoid the occurrence of wrinkles is about 220 °Cand 2 MPa, respectively.  
The height of wrinkles becomes shallower and the pitch of wrinkles becomes smaller depending on blankholder 
pressure increase. With develop in punch stroke, the sheet is stretched and the wrinkles will disappear depending 
on the height of wrinkles. 
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